Factors Determining Cardiovascular and Renal Outcomes after Adrenalectomy in Patients with
Primary aldosteronism (PA) is an important cause of secondary hypertension because it may be curable. PA implies autonomous hypersecretion of aldosterone, which has been shown to cause damage to vital tissues or organs such as heart and vasculatures. (Milliez et al. 2005; Holaj et al. 2007 ). Its classical features include hypertension, hypokalemia and metabolic alkalosis. Recently, the wide use of aldosterone-renin ratio (ARR) as a screening test in hypertensive patients has led to a 5-to 15-fold increase in the detection of PA (Mulatero et al. 2004 ). The reported prevalence of PA ranges from 2% to 11.2% in hypertensive population (Lund et al. 1981; Young 1999; Rossi et al. 2006a; Fogari et al. 2007) , while the prevalence in normotensive subjects is about 1% (Gordon 1994; Brown et al. 1996; Mosso et al. 2003) . The two most common etiologies of primary aldosteronism are aldosterone-producing adrenal adenoma (APA) and bilateral adrenal hyperplasia. The other less common etiologies include unilateral adrenal hyperplasia, glucocorticoid-remediable hyperaldosteronism, aldosterone-producing adrenal carcinoma, and bilateral aldosterone-producing adenomas (Wu et al. 2008) . In general, the treatment of choice for APA is surgical adrenalectomy. Although surgical adrenalectomy may cure hypertension in some patients with APA, as many as 30~70% of the patients have persistent hypertension post-operatively (Blumenfeld et al. 1994; Foo et al. 2001; Meyer et al. 2005) .
In addition to hypertension, growing literatures have recognized the important role of aldosterone in end organ damage, including heart, kidney and brain (Connell et al. 2008; Rayner 2008) . We retrospectively analyze the clinical and biochemical parameters of patients with APA in our medical center in order to determine the factor(s) contributing to hypertension and cardiovascular and renal outcomes.
Materials and Methods
We searched our hospital records from 1987 to 2006 for patients who underwent adrenalectomy and had adrenal adenoma proven by pathology. Those patients with biochemical evidence of primary aldosteronism were included. Biochemical evidence of PA includes elevated serum aldosterone concentration greater than 162 pg/mL, suppressed plasma active renin level less than 2.4 pg/mL, and elevated aldosterone-to-renin ratio greater than 30. Suspected patients were further investigated with imaging studies including computed tomography (CT) scan or NP-59 adrenal scan in order to help determine a lateralizing adrenal lesion. In patients whose CT or adrenal scans were equivocal, adrenal vein sampling was performed to distinguish the subtypes of PA. Patients with known history of primary renal disease or nephrectomy were excluded from our analysis because of the potential confounding effect on patients' renal and cardiovascular outcomes. A total of 52 patients were confirmed to have aldosteroneproducing adrenal adenoma, and were included for this study.
The medical records of these patients were carefully reviewed, including the initial presenting signs and symptoms, duration of disease (from onset of hypertension to operation), serum creatinine and proteinuria, blood pressure (BP), left ventricular hypertrophy (LVH), and cerebrovascular accidents. Antihypertensive medications before and after adrenalectomy were recorded: the classes and total number used by each patient. The medication classes included aldosterone antagonist, diuretic, calcium channel blocker, angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, β -blockers, and α -blockers. Pre-operative BP was measured by the standard mercury sphygmomanometer in the physician's office. Patients were maintained on their usual antihypertensive medications. The average of at least ten office measurements was recorded. The pre-operative electrocardiographic LVH is based on: S in lead V3 plus R in aVL > 2.8 mV for men, S in lead V3 + R in aVL > 2.0 mV for women.
Serum aldosterone was measured by DSL-8600 ACTIVE Aldosterone Coated-Tube Radioimmunoassay kit (Diagnostic System Laboratories, Inc. Webster, Texas USA). Plasma active renin was measured by RENIN III GENERATION radioimmunometric assay kit (CIS bio international, France). Glomerular filtration rate (eGFR) was estimated using the abbreviated Modification of Diet in Renal Disease Study Group (MDRD) equation (Levey et al. 1999 Patients were divided into two groups according to the postoperative BP levels. Comparisons between these two groups were made at two different time points. We chose one month after the operation as the first time point in order to observe the immediate effect of adrenalectomy. The second time point was the latest hospital follow-up visit available on medical record, which would provide the long-term outcome of these patients. Patients were classified as normotensive if their BP was less than 140/90 mmHg without antihypertensive treatment. Patients taking antihypertensive medications or with BP of greater than 140/90 mmHg were classified as hypertensive.
The statistical analysis was performed using SPSS software, version 12.0. In this report, continuous variables are expressed as mean (± standard deviation) unless otherwise indicated. Patient characteristics before and after adrenalectomy were compared using paired t test (if variables follow a normal distribution) or Wilcoxon Signed Ranks test (if variables are not in normal distribution). Variables between different subgroups were compared using unpaired t test (if variables follow a normal distribution) or Mann-Whitney test (if variables are not in normal distribution). Pearson's correlation test was used to determine the correlations between different variables. In order to identify the optimal cutoffs of predictors for hypertension, we used the area under the curve (AUC) of receiver operator characteristics (ROC) analysis. The value with optimum sensitivity and specificity was chosen.
Results
The mean age of our 52 patients with APA was 43 ± 10 (range 22-66) years old, and there were 31 female and 21 male patients. The mean duration of disease was 6 ± 5.4 yeas (range 1 month-28 years). Thirty-five of the 52 patients had the adrenal adenoma on their left side.
The most common initial presenting sign or symptom was hypertension (69%), followed by general or limb weakness (38%). There were two patients presenting with stroke and one with chest pain. Cardiology clinic is the most common department for initial presentation (46%), followed by nephrology (21%), emergency room (8%), urology (8%), endocrinology (6%), neurology (2%), and family medicine (2%). Hypokalemia (serum potassium < 3 meq/L) was documented in 48 patients (92%).
The average BP and biochemical profiles before and after adrenalectomy are shown in Table 1 . All patients were hypertensive before adrenalectomy. Average BP and potassium were improved significantly after surgery. Estimated GFR did not change significantly. However, average serum aldosterone level, plasma active renin, aldosterone to renin ratio (ARR), and number of antihypertensive medications all changed significantly after adrenalectomy.
Vascular complications
Twenty-three of the 35 patients (65%) who had pre-operative electrocardiogram were diagnosed with left ventricular hypertrophy (LVH). Seven patients (13%) suffered from eight cerebrovascular accidents (CVA: four infarctions, one hemorrhagic, and three unknown). Four CVA occurred before adrenalectomy (4 months to 9 years), and another four occurred after surgery (2 days to 7 years).
When grouping the 35 patients according to the presence of pre-operative LVH, those with LVH had significantly lower pre-operative eGFR and post-operative eGFR than those without LVH (66.8 vs. 87.6 mL/min/1.73m 2 , p = 0.006; 54.3 vs. 76.5 mL/min/1.73m 2 , p = 0.017, respectively). Duration of disease came close to statistical significance ( p = 0.051, 7.7 years in LVH group vs. 3.5 years in non-LVH group). These two groups did not differ significantly in other parameters such as BP, serum potassium level, plasma aldosterone concentration, plasma active renin, or proteinuria.
At one month after adrenalectomy, 32 patients (62%) were normotensive, and 20 patients (38%) were hypertensive. Between the two groups (Table 2) , pre-operative systolic BP and diastolic BP were the only variables that showed significant difference ( p = 0.007 and 0.008, respectively). The numbers of pre-operative antihypertensive medications were not different between the two groups. Variables such as age, serum potassium level, duration of disease, plasma aldosterone concentration, plasma active renin, and ARR were not significantly different between the two groups. After an average follow-up period of 51 months, only 18 patients (35%) remained normotensive, and 34 patients (65%) were hypertensive (Table 3) . Between the two groups, significant differences were found in their postoperative plasma aldosterone concentrations, and pre-operative systolic BP and diastolic BP. The numbers of antihypertensive medications used before adrenalectomy were not different between these two groups. In addition, the proportions of patients using different classes of antihypertensive medications were not different between the two groups (data not shown). Other variables such as age, serum potassium level, duration of disease, plasma active renin, and ARR were not significantly different between the two groups. Using pre-operative systolic BP of 165 mmHg as a cutoff value has a positive predictive value of 73% and a negative predictive value of 85% for predicting post-adrenalectomy hypertension or normotension on the long-term follow-up. Similarly, a cutoff level of 110 mmHg for pre-operative diastolic BP can have a positive predictive value of 92% and a negative predictive value of 57%. Moreover, a post-operative plasma aldosterone level of 187 pg/mL can have a positive predictive value of 100% and a negative predictive value of 40%. The ROC curves for systolic BP, diastolic BP and plasma aldosterone concentration predicting post-adrenalectomy hypertension are shown in Fig. 1 . Of the 32 patients who were normotensive at one month after adrenalectomy, 14 (43%) had recurrent hypertension at the longterm follow-up. Patients with recurrent hypertension were not significantly different from those who remained normotensive in the demographic and laboratory variables tested in this study.
Renal outcome
The mean pre-operative eGFR of all patients was 76.8 ± 2.9 mL/min/1.73m 2 . In the 35 patients who had long-term follow-up renal function (mean 51 months, range 1-175 months) after surgery, mean eGFR changed from 74.8 (± 22.7) to 66.8 (± 21.7) mL/min/1.73m 2 ( p = 0.064). In the 25 patients with serum creatinine measured within one year after adrenalectomy, mean eGFR changed from 73.6 (± 23.3) to 67.7 (± 22.9) mL/min/1.73m 2 ( p = 0.201). However, when grouping the 25 patients according to the change of eGFR within one year after surgery, those with decreased eGFR (N = 14, mean change in eGFR −21.1 ± 16.4 mL/min/1.73m
2 ) had significantly higher pre-operative plasma active renin (12.7 ± 9.4 pg/mL) compared to those with eGFR not decreased (N = 7, mean change +13.6 ± 9.4 mL/min/1.73m 2 , plasma active renin 4.3 ± 3.6 pg/mL, p = 0.009). The mean pre-operative eGFR did not differ significantly between these two groups of patients (65.4 ± 21.5 vs. 80.1 ± 23.3 mL/min/1.73m 2 , p = 0.119). These two groups did not differ significantly in other parameters such as age, duration of disease, BP, plasma aldosterone concentration, or presence of LVH.
Of the 43 patients who had routine urinalysis performed before adrenalectomy, 16 (37%) had proteinuria. After surgery, only 17 patients had routine urinalysis, and 5 of them had proteinuria. When grouping the 43 patients according to the presence of pre-operative proteinuria, those with proteinuria had lower pre-operative serum potassium than those without (2.0 vs. 2.5meq/L, p = 0.001). These two groups did not differ significantly in other parameters such as age, duration of disease, BP, eGFR, plasma aldosterone concentration, plasma active renin, or presence of LVH.
Correlation study
The correlation study found that the duration of disease is correlated positively with age (r = 0.626, p < 0.001) and negatively with pre-operative serum potassium level (r = −0.300, p = 0.034). Age is correlated positively with preoperative aldosterone-renin ratio (r = 0. 
Discussion
End-organ damage due to PA has been demonstrated in the previous literatures. The most common complications include hypertension and adverse cardiovascular outcomes such as myocardial infarction, stroke, atrial fibrillation, and vascular remodeling (Milliez et al. 2005; Catena et al. 2007; Holaj et al. 2007; Catena et al. 2008; Rossi et al. 2008) . The prevalence of these cardiovascular events is greater in PA than in essential hypertension. In patients with APA, hypertension may be improved or even cured by adrenalec- tomy. Such clinical improvement is usually accompanied by the normalization of serum potassium and plasma aldosterone concentration (Omura et al. 2006 ). However, a proportion of the patients with APA (30-70%) may have persistent hypertension (Blumenfeld et al. 1994; Foo et al. 2001; Meyer et al. 2005) or still require anti-hypertensive medications after adrenalectomy (Obara et al. 1992; Celen et al. 1996; Proye et al. 1998 ). This may be caused by concomitant essential hypertension or irreversible vascular damage from exposure to high BP or aldosterone excess. Several previously reported risk factors for persistent hypertension include old age, duration of disease, family history, and use of more than two anti-hypertensive agents (Fronticelli et al. 1995; Horita et al. 2001; Sawka et al. 2001) . Our study examined both the immediate and long-term effects of adrenalectomy in patients with APA. At one month post-operatively, 32 patients (62%) became normotensive. At follow-up, all 20 patients who were hypertensive at one month remained hypertensive, and 14 of the 32 patients who were previously normotensive at one month had recurrent hypertension. The rate of recurrent hypertension in our series was 43%, which is compatible with previous reports (Obara et al. 1992; Blumenfeld et al. 1994; Celen et al. 1996; Fukudome et al. 2002) . Furthermore, we found that pre-operative BP is the only predictor for postoperative hypertension at one month, and pre-operative BP and post-operative plasma aldosterone concentration are the important predictors for hypertension at the long-term follow-up. This suggests that in the initial post-operative period, patients with lower pre-operative BP are more likely to become normotensive. However, at follow-up, more patients will become hypertensive, and this is associated with higher levels of pre-operative BP and post-operative plasma aldosterone. This increase in the proportion of hypertensive patients at follow-up can result from aging, development of essential hypertension and irreversible vascular damage by long-standing high BP and aldosterone excess. In the report by Zarnegar et al. (2008) , post-operative aldosterone also emerged as one of the several distinguishing factors between patients with resolved and not resolved hypertension.
Our predictive values based on pre-operative BP and post-operative plasma aldosterone concentration are comparable to the Aldosteronoma Resolution Score (ARS) model (negative predictive value 72.4-86.3% and positive predictive value 75-80%), reported by Zarnegar et al. (2008) . The ARS model uses four pre-operative parameters to predict resolution of hypertension, including female, years of hypertension ≤ 6, body mass index ≤ 25, and number of anti-hypertensive medications ≤ 2. Similarly, Lumachi et al. (2005) found that the age of patients and duration of hypertension may have a maximum predictive power of 75% for unresolved hypertension. Moreover, Fukudome et al. (2002) demonstrated in a multivariate analysis that only pre-operative serum creatinine was independently associated with recurrent hypertension. One of the major differences among these studies is the duration of follow-up period: 6 months in ARS model (Zarnegar et al. 2008) , 81 months (Lumachi et al. 2005) , 12.2 years (Fukudome et al. 2002) , and 51 months in the present study. These findings suggest that different factors have variable importance at different follow-up periods. In addition, our study used eGFR, which is more representative of renal function than serum creatinine alone. Unfortunately, the variation in eGFR is large and no significant difference was detected between the hypertensive and normotensive groups. Our model offers another set of pre-operative parameters to help clinicians predict post-adrenalectomy hypertension, which may be associated with significant long-term morbidity and healthcare cost.
In addition to the cardiovascular system, primary aldosteronism can affect the kidney function (Ribstein et al. 2005; Rossi et al. 2006b; Sechi et al. 2006) . Ribstein et al. (2005) and Sechi et al. (2006) compared patients with primary aldosteronism (including both APA and bilateral adrenal hyperplasia) to those with essential hypertension. They suggested that PA is characterized by relative glomerular hyperfiltration and albuminuria, both of which may be reduced after removal of aldosterone excess, either by adrenalectomy or aldosterone antagonist. The prevalence of pre-operative proteinuria (37%) is high in our patients. Mean pre-operative eGFR of our patients was 74.8 ml/ min/1.73 m 2 , and we did not find any significant change in eGFR (i.e. no relative glomerular hyperfiltration) after adrenalectomy. Our finding is similar to the report by Rossi et al. (2006b) , which suggested that glomerular hyperfiltration may not be a hallmark of PA. Our study differs from these studies in several aspects. We did not exclude patients with renal dysfunction, and methods for estimating eGFR are different. Our patients are younger and have much higher mean plasma aldosterone concentrations, and higher mean BP. Furthermore, 92% of our patients were hypokalemic, a much higher proportion than that reported in the recent series of primary aldosteronism patients (Mulatero et al. 2004) . Therefore, our cohort represents patients with a more severe disease and likely irreversible damage to the kidney.
One interesting finding from our analysis is that patients whose eGFR improved after adrenalectomy had lower pre-operative plasma renin than those with decreased eGFR after the operation. In patients with eGFR improved after adrenalectomy, aldosterone excess was the major cause of renal function impairment. As expected, plasma renin level was suppressed by the elevated aldosterone. However, in patients with decreased eGFR after the operation, plasma renin is higher, not completely suppressed by the elevated aldosterone. This suggests the coexistence of a high aldosterone state due to the adenoma and a nonsuppressable renin state from other causes, such as essential hypertension. This nonsuppressable renin state would result in additional kidney damage that cannot be reversed by adrenalectomy. Moreover, this change in eGFR is not correlated with age, duration of disease, BP, or plasma aldosterone concentration. These findings suggest that patients with APA are heterogeneous in regards to their mechanisms for impaired eGFR. And according to our analysis, worsening eGFR may be related to the nonsuppressable plasma renin. In addition to the change in eGFR, proteinuria is another marker of kidney dysfunction. Our finding that patients with proteinuria had lower pre-operative serum potassium than those without proteinuria is similar to that reported by Rossi et al. (2006b) . Their cross-sectional study found a weak inverse relation between urinary albumin excretion (UAE) rate and serum potassium, suggesting a role for hypokalemia in raising UAE rate. The coexistence of proteinuria and hypokalemia also suggests simultaneous injury to both the glomeruli and renal tubules.
Another interesting finding is the strong association between cardiac and renal outcomes. We found that patients with APA and LVH had lower eGFR, compared to those without LVH. However, neither LVH nor eGFR are significantly correlated with BP. The dysfunction of both heart and kidneys may be more closely related to other mechanisms, such as generalized endothelial dysfunction and increased oxidative stress (Goligorsky 2007; Zoccali 2007; Neade and Uribarri 2008) .
Duration of disease is correlated with age and preoperative serum potassium. For older patients, physicians are more likely to attribute high BP to essential hypertension, thereby delaying search for secondary hypertension. The longer the presence of aldosterone excess, the more potassium depletion will occur. The negative correlation between age and eGFR may reflect the natural course of aging.
Our study has several potential limitations. First, this study is a retrospective data analysis. Some of the patients were not followed up regularly at our hospital after surgery, leading to incomplete data in the long-term follow-up period. Because we are a tertiary medical center, a large proportion of these APA patients were referred from local clinics or hospitals due to refractory hypertension. These patients may represent the more clinically severe group, and inference to the general population of patients with aldosteronoma should be done with cautions. In addition, the limitation of using electrocardiogram alone to diagnose LVH should be acknowledged. Although the electrographic method is not as accurate as the echocardiographic method, it is more easily obtained and less costly.
In conclusion, primary aldosteronism due to aldosterone-producing adrenal adenoma is associated with significant cardiovascular and renal dysfunction. In the immediate post-adrenalectomy period, pre-operative BP is the only predictor for whether these patients will become normotensive or hypertensive. However, in the long-term, patients with higher pre-operative BP and post-operative plasma aldosterone concentrations are more likely to remain hypertensive after adrenalectomy. The presence of LVH heralds a mild impairment of renal function. We believe these can help clinicians provide objective information about treatment outcome to patients with APA before undergoing surgical intervention.
